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ABSTRACT- The impact of reflector symmetry on the frequency stability of the proposed antenna, which employs three
elliptical radiating elements printed on a Rogers RT/Duroid 5880 substrate (30 x 30 mm?) and operates around 5.7 GHz, is
investigated using different reflector configurations. Full-wave simulations show that a centrally located metallic reflector increases
the realized gain from 2.4 to 8.1 dBi; however, the operating resonance shifts downward by approximately 1 GHz, from 5.7 to 4.7
GHz, due to strong symmetric coupling between the antenna current and the image current on the reflector. To mitigate this
resonance detuning, an offset-reflector configuration is introduced to provide controlled asymmetric coupling. The simulated offset-
reflector configuration preserves operation near 5.7 GHz while providing a realized gain of approximately 3.23 dBi and a radiation
efficiency of 94%. Experimental S11 measurements of the unloaded, centered-reflector, and offset-reflector configurations confirm
the predicted resonance-detuning and resonance-stabilization trends. Parametric studies are additionally conducted to examine the
effects of the elliptical dimensions and substrate thickness on impedance behavior and resonance alignment. The results demonstrate
that controlled reflector asymmetry provides a simple, low-complexity strategy for balancing directional enhancement and
resonance stability without requiring meta-surfaces, multilayered structures, or other parasitic elements.

Keywords: Compact Microstrip Antenna, Offset Reflector, Resonance Stability, Reflector-Induced Coupling, Directional
Radiation Enhancement, Surface Current Distribution, Single-Band Antenna, Impedance Matching.
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control mechanisms [7]. Meanwhile, Costa et al. analyzed high-

impedance FSS structures for the manipulation of
1. INTRODUCTION electromagnetic fields [8]. Recently, Din et al. [9] proposed an
FSS-backed compact antenna as a means for improving gain;
Soni proposed a new configuration of phase-gradient
metasurfaces to enhance radiation in 5G systems [10].
Reflector-backed compact arrays, AMC-assisted radiators, and
higher-order resonant structures have also been examined for
improving gain and sidelobe performance [11-14]. However,
despite these advances, most studies to date have primarily
focused on improving gain, extending bandwidth, enhancing
directivity, and/or improving beam-steering performance,
rather than examining how reflector-induced coupling affects
the resonance stability of reflector-loaded compact antennas.
The interaction of the radiator currents with the reflector-
induced image currents can be greater when the two are

Reflector-assisted  microstrip antennas have  attracted
considerable research interest for improving the directivity of
compact radiating elements in proximity to a reflector surface,
owing to their ability to enhance directivity with relatively
simple structures and manufacturing processes. However, the
interaction between the compact radiators and the neighboring
reflective surface still presents a challenge in the design process
[1-3]. In addition to its effect on far-field radiation
characteristics, a reflector also affects the reactive near-field
distribution around the radiator when placed in proximity. This
interaction alters the stored electromagnetic energy and can
significantly affect the input impedance and operating
resonance frequency [4-6]. Near-field resonance effects can be

Website: www.ijeer.forexjournal.co.in Suppression of Reflector-Induced Resonance Detuning

716


http://www.ijeer.forexjournal.co.in/
https://doi.org/10.37391/ijeer.140306
https://ijeer.forexjournal.co.in/archive/volume-14/ijeer-140306.html
https://orcid.org/0009-0001-5021-5646
https://orcid.org/0009-0001-2706-7569
https://orcid.org/0009-0002-4185-3483
https://orcid.org/0000-0002-4029-2381

FOREX

Publication
Open Access | Rapid and quality publishing

symmetrically placed relative to one another, causing additional
reactive loading near the antenna structure [5-18]. This
interaction can undoubtedly impact the operating resonance of
electrically compact antennas and is an important part of the
overall design process for electrically compact antennas,
especially in single-band antenna systems, where stable
operating resonance and predictable antenna impedance are
essential.

Recent research has used multilayer structures, parasitic
elements, periodic loading [9-14], and complex
electromagnetic surfaces [19] to reduce high antenna coupling
using reflectors. Although these methods have improved
radiation performance, the nature of these structures tends to be
more difficult to fabricate and more susceptible to
electromagnetic interference. Notably, the type of resonator
used is not typically cited as a primary design consideration for
electromagnetic devices; rather, it tends to be treated as a
secondary tuning problem. Various recently reported reflector-
loaded antennas have employed metallic reflectors, FSSs,
metasurfaces, and RISs to enhance gain and directional
radiation patterns [20-25]. In [20], a compact reflector-backed
mmWave antenna with a metallic reflector was investigated,
and in [21], a reconfigurable antenna with an FSS structure was
presented. Furthermore, gain enhancement and directivity
improvement using metasurface loading, as well as FSS-
assisted sub-6 GHz antennas, have been reported [22-23].
Zarian et al. have presented configurations of FSS with MIMO
and reflector structures for beam steering in IoT and V2V
applications [24-25]. While resonance improvements were
reported by previous researchers, the stability of resonance in
these structures and the response of the reflectors used for these
applications have not been discussed in detail in most of the
published literature. Therefore, the role of reflection symmetry
in the resonance stability of compact single-band antennas has
not been studied in much detail.

The current research explores the effects of reflector coupling
on compact, reflector-loaded, microstrip antennas, focusing on
the resonance stability characteristics of compact antennas
under different coupling conditions. The majority of prior
research on reflector-enhanced antennas has concentrated on
maximising realised gain through increased reflector loading.
The research presented in this document examines the
electromagnetic trade-off between radiation enhancement and
resonance stability when using compact single-band resonators
as antennas. Full-wave simulation results show that highly
symmetric reflector placement can significantly increase
realised antenna gain but can also introduce a high amount of
excessive reflector-induced reactive near-field coupling, which
produces pronounced resonance detuning and instability of the
antenna’s input impedance. Experimental S11 measurements of
the unloaded, centered-reflector, and offset-reflector
configurations further support the predicted resonance-detuning
and resonance-stabilization behavior. It is shown that symmetry
in the placement of a reflector also has a significant effect on
electromagnetic parameters that affect the stability of antenna
operation. To alleviate the effects of this coupling between the
antenna and its reflector, an offset reflector configuration is
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proposed. This layout creates controlled asymmetry used to
limit excessive coupling between the radiator and reflector via
image-current interaction and therefore limit resonance
displacement while providing directionality and high efficiency
in radiated power, without the use of metasurfaces, multilayer
superstrates, or parasitic structures.

The remainder of the paper is organized as follows: Section 2
presents the antenna evolution procedure and design
methodology. Section 3 discusses the investigated reflector
configurations and parametric analyses relating to these
configurations.  Section 4  presents the simulated
electromagnetic characteristics, including reflection coefficient
behavior, surface current distributions, radiation characteristics,
and Monte Carlo tolerance analysis. Finally, Section 5 presents
the conclusions of this research.

2. ANTENNA CONFIGURATION AND
DESIGN METHODOLOGY

2.1. Antenna Geometry

Figure 1 illustrates the geometry of the proposed antenna,
which is built on a Rogers RT/Duroid 5880 substrate (with a 0.5
mm thickness and 2.2 relative permittivity) and has an overall
size of 30x30 mm?. Thus, this antenna is sufficiently compact
to be used at frequencies below 6 GHz. The radiating element
comprises three metallic elliptical elements printed on the top
of the substrate, with a 50 Q microstrip feedline acting as the
excitation source. The elliptical configuration was chosen since
it provides a smooth current distribution and stable impedance
characteristics within the operating frequency range of the
antenna (i.e., below 6 GHz). Additionally, a partial ground
plane printed on the rear side of the substrate was used to
improve the antenna impedance response. A metallic reflector
was positioned behind the antenna structure with an air
separation between the two conductive surfaces. A parametric
analysis of the influence of reflector position and spacing from
the antenna was conducted and is discussed in this paper. The
optimised dimensions for the proposed antenna are presented in
table 1.

Figure 1. Top view of the antenna
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i: Table 1. Geometrical Parameters

Parameter Value (mm)
Length and width of the substrate 30
Width of the ground 12
Feed line length 12
Width feed line 1.5
Upper ellipse semi-major (al) / semi-minor axes 4
(b1
Middle ellipse semi-major (a2)/ semi-minor axes 6/2
(b2)
Lower ellipse semi-major (a3) / semi-minor
55/3
axes(b3)
Reflector width 40
Reflector length 80
Antenna-to-reflector air gap, dr 13.5
Reflector Offset 5

2.2. Design Evolution Procedure

The geometrical form of the antenna was developed through
iterations to achieve the desired impedance characteristics over
the operating frequency range. The evolution of the antenna
geometry is shown in figure 2, and the antenna reflection
coefficient responses are shown in figure 3. The first antenna
design used a single elliptical radiator directly connected to the
microstrip feedline, as shown in figure 2(a). The S11 response
shown in figure 3 indicated that the structure could produce a
resonance at the operating frequency, but the impedance
matching was not sufficiently strong, resulting in a shallow
resonance. The short effective current path and the limited
surface current distribution resulting from a single-radiator
configuration are the primary causes of this behaviour. A close
relationship exists between the resonant behaviour of the
radiator and its effective electrical length, which can be
approximated by

c
_—— 1
fr Tiers Jics )

Resonance frequency f,., Radiator effective electrical length
Less, Speed of light (c) and Effective dielectric constant €.
Thus, altering the geometry of the radiator will directly change
both the path distribution and therefore its resonance
characteristics. Another elliptical section has been added to
enhance the electromagnetic coupling within the radiator seen
in figure 2 (b). This modified radiator provides improved
electrical length and the current distribution in the vertical
direction. This will provide an improved impedance response
and therefore a stronger resonant response as compared to the
original setup. Finally, the addition of the third elliptical portion
seen in figure 2(c) is added to the model. By introducing this
new area to the antenna (as a separate section from the radiating
structure), the surface current is displaced throughout the total
area, thus allowing for a more concentrated resonant response
at the required operating frequency. As demonstrated in figure
3, the triple-ellipse configuration exhibited much better
impedance-matching ability with a much lower reflection
coefficient than any previous configuration. An increase in the
effective radiating surface area may account for this difference
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in the antenna's impedance response. The increase in effective
radiating area stabilizes the electromagnetic coupling between
the radiator sections and increases the electric and magnetic
energy stored in the resonant structure (the region around the
radiator). These results indicate that the addition of the elliptical
portion(s) of the configuration has a significant effect on the
effective current path of the antenna and its resonant
characteristics. The triple-ellipse configuration, therefore, was
selected for further parametric studies and reflector analyses
based on these results.

(a) (b)

(c)
Figure 2. Geometrical evolution of the proposed antenna radiator: (a)
single-ellipse radiator, (b) dual-ellipse radiator, and(c) triple-ellipse
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Figure 3. Simulated reflection coefficient responses for different
antenna evolution stages

2.3. Simulation Setup

Full-wave electromagnetic simulations were performed using
CST Studio Suite with the time-domain solver over the
frequency range of 2-8 GHz. The antenna was modeled on a
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0.5-mm-thick Rogers RTS5880 substrate with a relative
permittivity of =2.2 and relative permeability of pu~=1. In the
implemented model, the substrate was treated as loss-free. Open
(add space) boundary conditions were applied in all six
directions to emulate free-space radiation. The antenna was
excited using a single waveguide port located at the end of the
microstrip feed line, with one propagating mode. A hexahedral
mesh was employed, and the time-domain solver accuracy was
set to —40 dB. The radiator, feed line, and ground plane were
modeled as annealed copper with an electrical conductivity of
5.8%x107 S/m and a thickness of 0.035 mm. The metallic
reflector was modeled as a perfect electric conductor (PEC).

2.4. Semi-Axis Optimization

After selecting the triple-ellipse radiator configuration, the next
step was to study semi-major-axis dimensions suitable for
tuning the resonant position and impedance-matching behavior.
Two main geometrical parameters were analyzed: the semi-
major axes of the upper and lower elliptical elements, as shown
in figure 4.

1]
=20
=)
=
= ~40
oL - - -, 5.0 mm '
— 5.5 mm '
3 1
-60 a, 6.0 mm
2 4 [ 8
Frequency (Gl z)
(@
0
=20
=)
=
= -0
w - - -al 35 mm
_ - - -, 4 mm
60 a, ~4.5mm
2 4 [ 8

Frequency (GHz)

(®)
Figure 4. Effect of radiator semi-major-axis variation on the
simulated reflection coefficient: (a) lower ellipse and (b) upper ellipse

The semi-major axis of the lower ellipse varies from 5 mm to 6
mm, as depicted in figure 4(a). A small change in radius shifts
the resonance toward a higher-frequency region and affects the
matching depth. This behavior clearly indicates that the lower
elliptical section affects the current distribution and the
transition between the stacked elliptical elements and the
impedance. Among all tested values, lower-ellipse semi-major
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axis of 5.5 mm produced the deepest resonant response,
indicating that the impedance match was optimal for the desired
operating band. The influence of the upper radius is shown in
figure 4(b). The frequency variation due to changes in the upper
radius was smaller than that of the lower radius, while the
resonance depth was still significantly influenced. When
considering the coupling between the feedline and the radiator
or the modification of the electrical length, it is clear that the
upper elliptical section has a greater impact on coupling. The
optimized upper-ellipse semi-major axis is 4 m, which gives the
best impedance-matching response among all the cases studied.
The results from the semi-major-axis optimization show that the
resonance characteristics of the radiator, with respect to the
effective current path and the electrical behavior of the elliptical
sections, can be controlled. As a result, the final chosen semi-
major-axis dimensions were 5.5 mm for the lower ellipse and 4
mm for the upper ellipse for further study of the reflector.

2.5. Substrate Thickness Investigation

To determine the effect of substrate thickness on the impedance
response of the antenna, the radiator dimensions were optimized
and two different substrate thicknesses were tested. The
analysis of the resonant depth and impedance matching clearly
shows, as also demonstrated by the S11 results in figure 5, that
both performance characteristics depend strongly on substrate
thickness. The thinner substrate (0.5 mm) gives a higher
resonant frequency and better matching near the desired
operating frequency, primarily because it confines the
electromagnetic field and reduces surface-wave excitation. The
opposite is true for thicker substrates, where larger radiating
fields develop around the radiator, leading to poor current
confinement and poor impedance matching. Based on these
results, the substrate thickness chosen for the subsequent
reflector-loading investigation is 0.5 mm.

S, (dB)

70 ) A ) A )
2 3 4 5 6 7 8

Frequency (GHz)

Figure 5. Simulated reflection coefficient responses for different
substrate thickness values

:3. RESULTS AND DISCUSSION
3.1. Reflection Coefficient Analysis

The investigated reflector configurations are shown in figure 6,
including both the conventional centered reflector configuration
and the proposed offset reflector configuration. The metallic
reflector has dimensions of 80 x 40 mm? and is positioned at a
normal separation of 13.5 mm from the antenna. The reflector
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offset, doff, is defined as the center-to-center displacement
between the antenna and reflector along the y-axis.
Accordingly, doir= 0 mm represents the centered configuration,
whereas the optimized asymmetric configuration corresponds
to dosr = —5 mm (5-mm absolute offset). The corresponding
simulated reflection coefficient responses are presented in
figure 7. The results demonstrate that the inclusion of a nearby
metallic reflector substantially modifies the resonant behaviour
of the compact radiator due to the additional electromagnetic
interaction between the radiator currents and the reflector-
induced image currents.

13.5mm

(@) ®) (©)

Figure 6. Reflector configurations of the proposed antenna: (a) offset
reflector, (b) centered reflector, and (c) side view illustrating the fixed
13.5-mm antenna-to-reflector air gap

The results demonstrate that the inclusion of a nearby metallic
reflector substantially modifies the resonant behavior of the
compact radiator due to electromagnetic interaction between the
radiator currents and the reflector-induced image currents.
Quantitatively, the centered-reflector configuration shifts the
resonance from approximately 5.7 GHz to 4.7 GHz,
corresponding to a downward displacement of approximately
1.0 GHz. In contrast, the optimized offset configuration
maintains the resonance close to 5.7 GHz. This substantial
reduction in resonance displacement indicates that asymmetric
reflector placement reduces the effective reflector-induced
reactive perturbation experienced by the radiator.

Under centered reflector loading, the stronger symmetric
interaction perturbs the reactive near-field distribution
surrounding the compact resonator and modifies its effective
electrical length, as indicated in eq. (1), resulting in the
observed downward resonance shift. Although the centered
reflector provides substantial simulated gain enhancement, this
occurs at the expense of resonance stability.

The proposed asymmetric offset-reflector configuration
controls this interaction through reflector placement. The lateral
displacement redistributes the induced current distribution
relative to the radiator, reducing the effective reactive
perturbation and thereby maintaining the resonance closer to the
intended operating frequency while preserving useful
directional radiation enhancement and high simulated radiation
efficiency.

These results demonstrate that reflector symmetry is an
important design parameter governing the resonance stability of
compact reflector-loaded antennas. Therefore, the lower
simulated gain of the offset configuration relative to the
centered configuration represents a trade-off for improved
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resonance preservation and more predictable impedance
behavior.

0

S, (dB)

= = = Centered
60 Offset

-70 L L L L L
4 5 6 7 8

Frequency (GHz)

(]
W

Figure 7. Simulated reflection coefficient responses for the unloaded,
centered reflector, and offset reflector configurations

3.2. Reflector Offset Investigation

The reflector offset, dof, is defined as the center-to-center
displacement between the antenna and the reflector along the y-
axis. Accordingly, dost = 0 mm represents the geometrically
centered configuration, while the optimized asymmetric
configuration corresponds to dosr = —5 mm (5-mm absolute
offset). The reflector-position sweep in fig. 8 was referenced to
the antenna center, using dogr = —25, —15, =5, +5, and +15 mm.

The simulated S11 responses in fig. 8§ demonstrate that the
antenna resonance is sensitive to reflector alignment. As the
reflector approaches a more symmetric alignment with the
radiator, stronger interaction between the radiator current and
the induced image current modifies the reactive loading and
produces a more pronounced resonance shift. Conversely,
asymmetric reflector placement reduces this interaction and
improves resonance stability. Among the investigated positions,
the optimized dosr =—5 mm configuration provides the most
favorable combination of resonance preservation and
impedance matching near the intended operating frequency.
Further displacement from this position results in reduced
resonance depth and slightly degraded impedance matching.
These results demonstrate that reflector offset is an important
design parameter for controlling reflector-induced coupling and
maintaining resonance stability.

0 ”WI T T T
-10 |
20 b
d __=-25mm
B 30F [— o ah-asmm
z — d, = -5 mm (Optimized)
= | |=====d - +5mm ]
o 40 d, = +15 mm
=50 1
60 | ]
70 . L L . L
2 3 4 5 6 7 8

Frequency (GHz)

Figure 8. Simulated S11 responses for different center-referenced
reflector offsets
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3.3. Air-Gap Investigation

Figure 9 illustrates the air-gap spacing between the antenna and
the PEC reflector. The air-gap spacing, dr, is defined as the
normal separation between the antenna/substrate plane and the
facing surface of the reflector. The results indicate that
variations in this spacing effect both the impedance response
and resonance characteristics of the antenna. The air gap also
influences the phase relationship between the directly radiated
field and the reflector-assisted field. Considering the round-trip
propagation path between the antenna and reflector, the
associated phase difference can be qualitatively expressed as

A¢=2pd+¢; 2

where B=2nf/c is the free-space propagation constant, dr is the
antenna-to-reflector air gap, and ¢. is the reflection phase of the
reflector. Since the reflector is modeled as a PEC, the reflection
phase is approximated as ¢=n (180°). The term 2fd; accounts
for the round-trip propagation between the antenna and
reflector. Thus, changing d. modifies the phase relationship
between the directly radiated and reflector-assisted fields and
consequently changes their constructive or destructive
interaction. Equation (2) is used here as a qualitative
interpretation of the spacing-dependent behavior rather than as
an exact analytical prediction of the optimum spacing.

Throughout the investigated cases, varying the air-gap spacing
produced changes in the resonance depth and resonance
position, as shown in figure 9. The full-wave parametric sweep
identified dr=13.5 mm as the selected spacing, providing the
deepest resonance and best impedance-matching response
among the investigated values. Smaller and larger air gaps
produced less favorable interaction between the antenna and
reflector and consequently reduced the resonance depth.
Therefore, the 13.5-mm spacing used in the subsequent
reflector configurations was selected from the simulated
parametric results rather than directly predicted by the
simplified phase relation in eq. (2).

0 e :
10 F ==
-20 / _
2 30t |
= 30
A
— 40 } ]
v 0 dr =10.5 mm
| |= = 'dr=12mm i
-50 ——— gy =13.5 mm
........ dr =15 mm
=60 | dr = 16.5 mm 1
_70 Il 1 1 b 1 1
2 3 4 5 6 7 8

Frequency (GHz)

Figure 9. Simulated S11 responses for different air-gap spacing
values

3.4. Surface Current Distribution Analysis

The simulated surface-current distributions for the investigated
reflector configurations are shown in figure 10. These
distributions provide qualitative physical insight into the
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resonance perturbation mechanism associated with reflector
loading in the compact radiator. For the centered-reflector
configuration shown in fig. 10(a), a pronounced and symmetric
current concentration is observed in the region of the reflector
aligned with the radiator. This distribution indicates stronger
reflector-induced reactive interaction between the radiator
currents and the corresponding image currents on the metallic
reflector, resulting in a greater perturbation of the reactive near-
field environment surrounding the radiator. This interpretation
is consistent with the S11 results, where the centered reflector
shifts the resonance from approximately 5.7 GHz to 4.7 GHz,
corresponding to a downward resonance displacement of
approximately 1.0 GHz.

In contrast, the optimized offset-reflector configuration shown
in fig. 10(b) produces a less symmetric distribution of the
induced currents relative to the radiator. The reflector
displacement changes the spatial distribution of the induced
currents and reduces the effective reactive perturbation
experienced by the radiator. Consequently, the antenna
resonance remains close to the intended 5.7 GHz operating
region, as observed in the corresponding S11 response. The
surface-current distributions are therefore used here as
qualitative support for the physical interpretation of the
resonance behavior rather than as a quantitative measure of
mutual coupling. Together with the quantitatively observed
resonance displacement, these results indicate that controlled
reflector asymmetry reduces reflector-induced resonance
perturbation and improves resonance stability.

-

(@) (b)
Figure 10. Simulated surface-current distributions for (a) centered
reflector at 4.7 GHz and (b) optimized offset reflector at 5.7 GHz,
using the same current scale (0-5 A/m)

3.5. Radiation Characteristics

The simulated radiation patterns of each proposed antenna
configuration are shown in figures 11 and 12, whereas the
electromagnetic  performance characteristics of each
configuration can be found in table 2. The unloaded
configuration produces relatively broad radiation characteristics
and has a moderate realized gain of 2.4 dBi because the absence
of a reflecting surface does not allow the redirection of
backward radiation. This results in the radiated fields being
more spatially distributed, which causes stable resonance
behavior, predictable impedance characteristics, with a
radiation efficiency of 94.39% at the 5.7 GHz resonance. The
impedance bandwidth reported in Table 2 is determined using
the —10-dB reflection-coefficient criterion (S11<—10 dB) and is
calculated as BW=f,— f; , where f; and f; denote the lower and
upper —10-dB frequency limits, respectively.
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Table 2. Electromagnetic performance trade-off analysis of the investigated reflector configuration

Resonance . Radiation . Coupling condition | Resonance | Resonance
. Realized . Bandwidth o1 .
Configuration frequency Gain dbi Efficiency | VSWR (GHz) stability detuning
(GHz) (%)
Unloaded- 57 24 94.39% Below 2 266 Weak coupling Stable Negligible
Antenna
Centered 47 31 92.81% Below 2 786 Strong symmetrlc Unstable Severe
Reflector coupling
Offset Reflector 5.7 3.23 9457% | Below2 |  2.56 Controlled Stable | Suppressed
asymmetric coupling

The centered reflector configuration provided a much greater
amount of directional radiation enhancement, resulting in a
realized gain of approximately 8.1 dBi. Quantitatively, at 4.7
GHz, the centered-reflector configuration exhibits a peak
realized gain of 8.11 dBi with a main-beam direction of —2°, a
3-dB half-power beamwidth (HPBW) of 67.7°, and a front-to-
back (F/B) ratio of 13.52 dB. This behavior is primarily due to
the strong constructive interaction that occurs between the
direct radiator fields and the reflector-induced image currents,
which increase field confinement and also concentrate the
forward radiation. At its shifted resonance of 4.7 GHz, the
centered configuration exhibits a radiation efficiency of
92.81%. The E-plane and H-plane responses also show highly
symmetric radiation behavior due to the strong electromagnetic
interaction that occurs between the radiator and the reflector
surface.

The results from the experiments demonstrate that the strong
symmetric reflector loading has simultaneously intensified the
reactive near-field coupling surrounding the compact resonator,
which has substantially perturbed the distributed reactive
electromagnetic fields responsible for maintaining stable
resonance operation and caused significant displacement of the
resonance towards lower frequencies, as determined from the
reflection coefficient and surface current analyses. While the
centered reflector configuration provided the highest realized
gain and the widest impedance bandwidth, this configuration
resulted in a substantial destabilization of the operating
resonance condition.

The large difference in realized gain among the three
configurations should not be interpreted as a corresponding
difference in radiation efficiency. The reflector primarily
modifies the spatial redistribution and directivity of the radiated
fields, whereas radiation efficiency represents the fraction of
accepted power that is radiated rather than dissipated.
Consequently, substantial changes in realized gain can occur
while the radiation efficiencies remain relatively high. For
completeness, the corresponding total efficiencies at the

180°

Eplane = = =Hoplane

(a)

180°

Eplme =

(®)

respective resonances are 94.38%, 92.75%, and 94.57% for the
unloaded, centered-reflector, and offset-reflector
configurations, respectively.

In contrast, a more controlled electromagnetic response was
established through asymmetric reflector loading. Therefore,
the electromagnetic response produced by the lateral
displacement of the reflector suppressed excessive image
current interaction beneath the radiator and reduced the
perturbation of the resonant current paths. A reduction in the
strength of perturbations along resonant current paths allowed
the antenna to maintain stable resonance at the desired 5.7 GHz
frequency. At this frequency, the offset-reflector configuration
exhibits a peak realized gain of 3.25 dBi, with the main beam
directed at 12° and a 3-dB HPBW of 75.2°. The corresponding
F/B ratio is 0.17 dB, indicating that, unlike the centered
configuration, the offset reflector does not produce strong front-
to-back radiation discrimination. Instead, its principal benefit is
the preservation of the desired resonance while retaining
moderate realized gain. At this resonance, the offset-reflector
configuration exhibits a radiation efficiency of 94.57%. While
the realized gain of the offset reflector configuration is lower
than that of the centered reflector configuration, this behavior
reflects the trade-off between strong reflector-assisted
directivity enhancement and resonance stability. Accordingly,
the offset configuration should be interpreted primarily as a
resonance-stabilized reflector arrangement rather than as a
configuration  optimized for maximum  directional
enhancement.

Thus, the results indicate that maximum gains achieved through
a reflector do not necessarily correspond to maximum
electromagnetically stable configurations in compact reflector
antennas. The offset reflector configuration has established a
controlled asymmetric coupling mechanism that allows reduced
reflector-induced interaction while at the same time maintaining
resonance stability and predictability in the characteristics of
the compact single-band resonator.

Eplme = = =Hplme

= =Hplme

©

Figure 11. Simulated E-plane and H-plane radiation patterns for the investigated antenna configurations: (a) unloaded antenna, (b) centered
reflector, and(c) offset reflector
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3.6. Statistical Tolerance Analysis Using Monte
Carlo Simulation

A Monte Carlo method for tolerance analysis was conducted to
assess how sensitive optimized offset-reflector antenna
configurations are to moderate changes in size that would
typically occur due to manufacturing conditions. This study
specifically attempts to determine how the electromagnetic
coupling mechanism and the resultant resonance-stability
behaviour of compact antennas are affected by reflector-
induced loading. A total of 50 statistically independent
realizations were generated around the final optimized
dimensions. Gaussian distributions were applied to the upper
radiator radius (u=4 mm, 0=0.05 mm), lower radiator radius
(1=5.5 mm, 6=0.05 mm), reflector spacing (u=13.5 mm, 6=0.15
mm), and feed width (u=1.5 mm, 6=0.03 mm). The reflector-
position perturbation was independently sampled from a
uniform distribution over [—2,+2] mm around the optimized
offset position. The resulting parameter sets were evaluated
using full-wave CST simulations. Fifty realizations were
selected to provide a representative statistical assessment while
maintaining a practical full-wave computational cost.

Monte Carlo Resonance Frequency Distribution

Number of Samples

566 5.68 5.7 572 5.74

Resonance Frequency (GHz)

576 5.78

Figure 13. Monte Carlo-based statistical evaluation of resonant
frequency and reflection coefficient (S11) variations under
dimensional tolerances
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Figure 12. Simulated 3D realized gain patterns for:(a) unloaded reflector at 5.7 GHz, (b) centered reflector at 4.7 GHz, and (c) offset reflector at
5.7 GHz

The statistical distributions of resonance frequencies that were
obtained are outlined in figure 13. The distributions show that
resonance responses cluster within a narrow operating region
around the target frequency, indicating limited resonance
dispersion under moderate dimensional variations. The
calculated mean resonance frequency is 5.7076 GHz with a
standard deviation of 0.0263 GHz; the resonance limits range
between 5.6480 GHz and 5.7740 GHz. Moreover, all 50
realizations satisfied the S11<-10 dB impedance-matching
criterion, corresponding to a simulated yield of 100%.
Therefore, the statistical results confirm that the optimized
offset-reflector configuration preserves stable resonance
behavior despite moderate perturbations in both radiator
geometry and reflector-positioning parameters.
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Figure 14. Representative S11 responses obtained from the Monte
Carlo tolerance analysis of the proposed offset reflector antenna

Representative reflection coefficient responses that were
extracted from the Monte Carlo samples are shown in Figure
14. The selected curves correspond to the minimum-resonance,
maximum-resonance, near-mean resonance, and intermediate
operating cases. These representative responses remain within
a similar operating region and illustrate the limited resonance
dispersion observed across the Monte Carlo analysis. Together
with the 100% simulated yield obtained from all 50 realizations,
Therefore, the statistical results indicate that the optimized
offset-reflector configuration maintains limited resonance
variation under the investigated dimensional and reflector-
positioning perturbations.

Website: www.ijeer.forexjournal.co.in

Suppression of Reflector-Induced Resonance Detuning

723


http://www.ijeer.forexjournal.co.in/

FO REX International Journal of

Publication Electrical and Electronics Research (IJEER)
Open Access | Rapid and quality publishing Research Article | Volume 14, Issue 3 | Pages 716-726 | e-ISSN: 2347-470X

3.7. Experimental Validation of the Reflection input response. In contrast, the proposed offset-reflector
Coefficient configuration substantially suppresses this resonance
displacement and maintains the measured resonance close to the
intended operating frequency. These experimental S11 results
therefore support the resonance-detuning behavior predicted by
the full-wave simulations and provide experimental evidence
for the resonance-stabilization effect achieved through
controlled  asymmetric  reflector  placement. = Minor

Experimental validation was conducted to assess the resonance
behavior of the proposed antenna under both unloaded and
reflector-loaded conditions. The compact radiator was
fabricated according to the optimized geometrical dimensions
obtained from the full-wave electromagnetic simulations.
Photographs of the fabricated antenna and the experimental discrepancies between the simulated and measured responses
measurement arrangements are presented in figure 15. The  may be attributed to fabrication tolerances, SMA connector and

same fabricated antenna prototype was used throughout the  soldering effects, uncertainty in the substrate dielectric
measurements to minimize variations associated with  properties, and practical variations in reflector spacing and

fabrication tolerances. For the reflector-loaded measurements, alignment.
the metallic reflector was positioned according to the centered
and proposed offset configurations while maintaining an b —
antenna-to-reflector separation of 13.5 mm. ok
20}
& a0t
=
cd: -40 -
-S5O e Unloaded - Simmlation
== Unleaded - Measurement
== 60| .
; . o Offset reflecior - Measuren
(@) ®) 0 . . . . .
2 3 4 5 6 7 8

Figure 15. Experimental validation of the fabricated antenna: (a)
front and rear views of the fabricated antenna prototype, and (b)
experimental S11 measurement setups for the unloaded and reflector-
loaded configurations, including a side view showing the 13.5-mm
antenna-to-reflector separation

Frequency (GHz)

Figure 16. Comparison of the simulated and measured reflection
coefficient (Si1) responses for the unloaded, centered-reflector, and
offset-reflector antenna configurations

Figure 16 compares the simulated and measured reflection
coefficient (S11) responses of the unloaded, centered-reflector,
and offset-reflector configurations. Overall, the measured
responses show good agreement with the corresponding full-
wave simulation results. The centered-reflector configuration
exhibits a pronounced downward displacement of the operating
resonance relative to the unloaded antenna, demonstrating the
strong influence of symmetric reflector loading on the antenna

3.8. Comparative Discussion

The purpose of this analysis is to further justify the practical
relevance and electromagnetic contribution of the proposed
reflector-loading strategy through a comparative analysis with
recently reported reflector-assisted compact antennas presented
in table 3, with particular emphasis on the trade-off between
realized gain enhancement and resonance stability preservation.

Table 3. Comparative evaluation of recently reported reflector-assisted compact antennas and the proposed offset reflector-
loaded antenna configuration.

Ref. | Reflector Type| l?(lgg'z) Electrical Size Spacing Gain/Eff BW/Validation/Stability
[22] Metallic 2838 1120 % 0.75 9 mm 7.96, 8.20 dBi / >90% 0.8, 5.9 GHz / S&M / Tolerance
MGB ’ ) ) study
[23]| FSS Reflector | 4.3-5.75 0(‘)232;‘1};: 13 mm 9.5-9.67/ 87-96% NR / S&M / Spacing optimization
. 0.5 mm .

(4] | Reflective o014 40 | 4.05% x 2,100 12.3 dBi / >90% 12.86 GHz / S&M / Spacing

metasurface sensitivity

FSS reflector 1.46k0 x 1.46)0 23.4 mm . o 0.50 GHz / S&M / Parametric
[25] (5%5) 33 (0.273%) 7:93 dBi/82% sensitivity
[26] ?ggaf:f:)' 59 =1.18%0 % 1.18%o 3(3; 5“;0“)’ 6.42 dBi/>87.45% | 0.739 GHz/ S&M / Spacing sweep
This Offset 13.5 mm 2.56 GHz / S / Monte Carlo (50
work Metallic 5.7 0.57x x 0.57A (0.257) 3.23/94.57% samples)

Reflector

Website: www.ijeer.forexjournal.co.in Suppression of Reflector-Induced Resonance Detuning


http://www.ijeer.forexjournal.co.in/

FOREX

Publication
Open Access | Rapid and quality publishing

The comparative analysis in fable 3 highlights the main
contribution of the proposed reflector-loading strategy:
achieving directional enhancement while preserving resonance
stability. The centered reflector increases the realized gain from
2.4 to 8.1 dBi through strong reflector—radiator coupling;
however, it shifts the resonance from 5.7 to 4.7 GHz,
corresponding to approximately 17.5% detuning. This
demonstrates that maximizing reflector-assisted gain can
substantially perturb the operating frequency of a compact
resonator.

In contrast, the proposed offset reflector introduces controlled
asymmetric coupling that limits excessive image-current
interaction and preserves the target resonance near 5.7 GHz.
Although the realized gain is reduced to 3.23 dBi, the
configuration maintains high radiation efficiency, acceptable
impedance characteristics, and directional enhancement
without the severe detuning observed under centered loading.
The gain reduction therefore represents a deliberate trade-off
for improved resonance stability rather than a simple
performance loss.

The key contribution is thus not reflector displacement alone,
but the use of reflector asymmetry as an electromagnetic
coupling-control mechanism. Unlike more complex FSS,
metasurface, RIS, or multilayer-based approaches, the proposed
configuration provides a simple reflector integration strategy
that balances gain enhancement and resonance stability for
compact single-band antennas.

4, CONCLUSION

A study was performed on the resonance stability of a compact
reflector-loaded antenna employing centered and offset
reflector configurations. The results demonstrate that reflector
symmetry plays an important role in governing electromagnetic
coupling and resonance stability. Full-wave simulations show
that the centered reflector increases the realized gain from
approximately 2.4 to 8.1 dBi; however, the strong symmetric
coupling simultaneously shifts the operating resonance from 5.7
to approximately 4.7 GHz.

To mitigate this detuning, an offset reflector configuration was
introduced to establish controlled asymmetric coupling and
reduce excessive reflector-induced interaction. The simulated
offset configuration preserves operation near the target 5.7 GHz
frequency while providing a realized gain of approximately
3.23 dBi, a radiation efficiency of approximately 94%, and
VSWR below 2. Experimental S11 measurements of the
unloaded, centered-reflector, and offset-reflector configurations
confirm the predicted resonance-detuning and resonance-
stabilization trends.

Surface-current analysis further demonstrates that the offset
reflector modifies the reflector—radiator interaction and reduces
excessive reactive loading compared with the centered
configuration. Therefore, the lower gain of the offset
configuration represents a trade-off between maximum gain
enhancement and resonance stability rather than a simple
performance degradation. The proposed approach demonstrates
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that reflector asymmetry can be used as a controlled
electromagnetic coupling mechanism to preserve resonance
stability while retaining directional enhancement, without
requiring complex metasurface, RIS, multilayer-superstrate, or
parasitic-loading structures.
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